Whenever a tissue substitute is used in a phantom, the selected material should, ideally, have absorption and scattering properties which are the same as the body tissue. In practice, this requirement is approximated. Some formulated tissue substitutes, which yield dose estimations that differ by no more than 1 % from the absorbed doses in the body tissues being simulated, are now available for use with certain types of radiation and energy intervals (White and Constantinou, 1982; Constantinou et ai., 1982; Hermann et al., 1986; Geworski, 1986) . Such accuracy may be mandatory in certain specialties such as radiotherapy. In other applications, this level of simulation may be relaxed and a material having absorption and scattering properties different from those of the body tissue may provide adequate experimental data. Usually the error in tissue simulation is just one of the contributors to the overall error of the measurement. As a result, the allowable simulation error can only be a fraction of the overall acceptable error.
Radiation detectors and the materials used in their fabrication should permit the dosimetric quantity to be measured with required accuracy. The absorbeddose distribution within an irradiated medium should not be perturbed markedly by the insertion of the tissue substitute detector material.
In this section, the radiation-related requirements of substitute materials for use in the specialties of radiotherapy, radiodiagnosis, radiation protection, and radiobiology will be outlined. Applications of these materials where strict simulation is not essential will be highlighted.
Radiotherapy
In ICRU Report 24 (page 2 in ICRU, 1976) , it is stated that" ... the aim of clinical dosimetry must be to plan and deliver the required pattern of dosage as accurately as possible, i.e. (according to modern radiobiological thought), with an uncertainty of less than 5%." The uncertainties associated with the delivery of a stated absorbed-dose distribution to a specified target volume may be considered in two stages. In the first stage, the dosimetry chain from national standardizing laboratory to the delivery in the hospital of an absorbed dose to a point in a standard phantom must be evaluated in order to assess the accuracy of absorbed dose determinations. In the second stage, differences between the intended and the actual absorbed doses must be considered. The phantoms and 14 tissue substitutes used in radiotherapy measurements can influence both stages of this procedure.
Three types of phantoms are regularly employed in clinical dosimetry:
Standard Phantoms. Cubic water phantoms, at least 30 cm on a side, have been recommended for absorbed-dose determinations with photons [ICRU Reports 23 (ICRU, 1973); 24 (lCRU, 1976) ], electrons [ICRU Report 35 (lCRU, 1984a) ] and neutrons [AAPM, 1980; Broerse and Mijnheer, 1982; ICRU Report 45 (ICRU, 1989) ]. For low electron energies, shallower phantoms may be used, provided the total depth is 5 cm greater than the practical electron range.
Homogeneous Phantoms. Blocks or stacked sheets of solid water substitutes are now used in some centers instead of standard phantoms (Constantinou et ai., 1982) .
Body Phantoms. These are frequently used in dosimetric studies for checking treatment procedures and new methods of calculation. The phantoms vary in complexity from stacked sheets of tissue substitutes to anthropomorphic phantoms containing embedded skeletons, air cavities, and simulated lungs (Stacey et ai., 1961; Alderson et ai., 1962) . A body phantom is not recommended for the routine dosimetry of actual patients because of the considerable anatomical variations between patients and phantom [ICRU Report 24 (ICRU, 1976) ].
Bolus. Bolus materials used to provide extra scattering or build-up or attenuation during patient treatments should, ideally, have absorption and scattering properties which are the same as either water or muscle. In practice, this objective is approximated. Substitute materials used as bolus should not, because of errors in thickness, packing (for particulate systems) or in their attenuation properties, produce uncertainties in absorbed-dose estimations in excess of 1 %.
Dosimetry. All of the radiation detectors used in radiotherapy applications must yield results of high accuracy. Consequently, the Bragg-Gray conditions must be met as closely as possible. In addition, detector materials, whether gaseous tissue substitutes or solid tissue substitutes, must provide strict simulation to minimize the uncertainties that might be introduced by inappropriate correction factors.
The use of water substitutes and tissue substitutes as phantom materials in radiotherapy dosimetry should not introduce uncertainties in absorbed-dose estimations in excess of 1%. This has been shown to be feasible in practice by Constantinou et al. (1982) who used a homogeneous cubic phantom (side 30 cm), composed of a solid water substitute. With cobalt-60 radi-ation, the phantom gave depth doses within ± 1 % of similar data derived for a standard water phantom. These and earlier experiments by Constantinou (1978) demonstrate that:
(a) the necessary high accuracy demanded by radiotherapy reference dosimetry (not dosimetry of actual patients) may be achieved for photon and particulate beams with formulated substitute materials and (b) strict quality control during the manufacturing processes will maintain this level of simulation in large-volume production of these materials. It should be noted that for fast neutrons interacting with soft tissue containing about 10%, by mass, of hydrogen, a 1 % deviation in the total hydrogen content will change the kerma in the tissue by approximately 10% [ICRU Report 26 (lCRU, 1977) ].
When the absorbed dose in a water substitute differs by more than 1% from that measured in water, a correction factor may be used. For photons the socalled "effective attenuation method" [ICRU Report 24 (ICRU, 1976) ] permits a correction factor (CF) to be defined as:
where d is the actual thickness of the substitute material, d' the equivalent water thickness, and ji an experimentally derived effective linear attenuation coefficient. For electrons, it was assumed in ICRU Report 35 (ICRU, 1984a ) that the linear depths zw(P) and Zm(P) , along the central axis corresponding to a certain percentage absorbed dose, P, in water (w), and in a medium (m), are proportional to the continuous-slowing-down-approximation (csda) ranges (ro) in the two materials,
Other scaling rules for electrons are also reported in ICRU Report 35 (ICRU, 1984a) . Similarly, scaling factors have been suggested for neutrons (Awschalom et al., 1983; Vynckier et al., 1984) .
Radiodiagnosis
Tissue substitutes as phantom materials are used in radiodiagnosis for patient and environmental dose measurements and for the assessment of image quality. Since the patient and environmental dose measurements are performed for reasons ofrisk-benefit analysis or radiation protection, the selection requirements for the materials used will be considered in Section 3.1.3. This section will be devoted primarily to phantoms used for image quality assessment.
Image quality in radiography and fluoroscopy may be evaluated quantitatively or qualitatively by the use 3. 1 Radiation-Related Requirements. . . 15 of small test pieces embedded in a suitable phantom (Egan and Fenn, 1968; Stanton et al., 1978; Hay et al., 1979; White and Tucker, 1980; White et al., 1981) . For a given x-ray spectrum, threshold visibility measurements are dependent upon a number of physical factors. These factors include the shape (sphere, cube, cylinder, etc.), size and attenuation properties of the test pieces, and the size and attenuation properties of the bulk phantom in which they are embedded.
For a monoenergetic photon beam, a small test piece of thickness x, embedded in a phantom will have a subject contrast, C, which may be defined (Stanton et al., 1978) ,
where Aft is the absolute difference of the linear attenuation coefficients for the test piece and phantom material. The product AftX, together with the image-receptor response, determines the threshold visibility.
Tissue substitutes used in the construction of test pieces and phantoms for image quality assessments in film-screen and fluoroscopic radiology should have linear attenuation coefficients within ±5% of those for the given body tissue over the required photon energy interval. Such agreement has been suggested for the contrast-sensitive technique of mammography (Stanton et al., 1978) and will be more than adequate for less sensitive techniques (Speller, 1985) . This level of agreement is only necessary for image quality phantoms attempting to simulate specific biological structures. Materials having attenuation properties substantially different from those of body tissues (e.g., high-resolution test patterns) are sometimes used in quality control assessments where strict simulation is not required, although differential attenuation may be comparable to that recorded on patients.
In computed tomography, differences in linear attenuation coefficients of ~1 % may be readily detected. Tissue substitutes having linear attenuation coefficients over the required energy interval within ± 1 % of those for a given body tissue may be required in assessments of these techniques (White et al., 1981) .
The phantoms used for image quality tests in radiodiagnosis include both homogeneous and body phantoms, in varying degrees of complexity and realism (Stanton et al., 1978; Tonge and Davis, 1978; White and Constantinou, 1982) .
In assessing equipment used in bone mineral measurements based on photon attenuation, tissue substitutes in phantoms should have linear attenuation coefficients within 1% of those for a given body tissue over the required photon energy interval. Such phantom materials are also suitable for image quality assessments in nuclear medicine whenever a close simulation with body tissues is required (Elliott et al., 1979; Herrera, 1981) .
Radiation detectors are used in this specialty primarily for reasons of radiation protection and, as such, will be considered in Section 3.1.3. Radiation detectors, in particular ionization chambers, are also used during routine quality control assessments for in-air x-ray output measurements and in the evaluation of certain physical quantities (e.g., HVL). Strict tissue simulation is not necessary.
Radiation Protection
The accuracy required for measurements in radiation protection depends upon the type of measurement being made and the dose-equivalent level under investigation. At the maximum dose-equivalent limit, an accuracy of ±30% is acceptable for external exposures [ICRU Report 21 (ICRU, 1972); NCRP, 1978] . The International Commission on Radiological Protection has recommended that uncertainties should not exceed a factor of 1.5 at the 95% confidence level for dose levels close to the dose limit (ICRP, 1982) . The special problems associated with internal dose assessment, particularly for heavy radionuclides, make these measurements more difficult. Proposed guidance by the American National Standards Institute recommends that maximum acceptable errors due to calibration be ±50% when counting 17 ke V x rays from 238pu and ±20% when counting the more penetrating 60 ke V 241 Am photons (ANSI, 1984) .
Since guidance in radiation protection dosimetry pertains to the whole system (calibration, personnel dosimetry, and area monitoring), the errors due to tissue substitute selection should represent only a fraction of the overall permissible error. Mismatch between tissue substitute and body tissue should not contribute more than 1f4 of the overall dosimetry system error. The exceptions might include certain applications, such as calibration phantoms for assessing the concentration of heavy radionuclides in lung tissue, in which case the difficulty of simulation is known and expected to be a large potential source of calibration error.
In radiation protection, there are three basic applications of phantoms comprised of tissue substitutes, namely;
(a) Backscatter phantoms to simulate scattering conditions and for the calibration of dosimeters used to measure external radiation fields. (b) Phantoms with embedded dosimeters for depth-dose measurements. (c) Phantoms with incorporated radioactivity for calibration of in vivo counting systems.
The selection requirements for tissue substitutes differ according to the type of phantom being used and its application.
The composition of a tissue substitute used in a homogeneous phantom for photon backscatter measurements is not critical. The material should have a mass density within 10% of unity and be relatively free of elements with Z > 20 to eliminate the production of fluorescent x rays. Many plastics, epoxy resin systems and water-based, liquid tissue substitutes meet these requirements.
The primary selection requirement for a backscatter phantom for neutrons is that it should be composed of a hydrogenous material. The most important application is with albedo dosimetry which depends on reflected or backscatter neutrons from the body for proper use. However, it has been shown that the selection of acrylic, polyethylene, or water with hydrogen contents ranging from 7.6 to 14% by mass has little effect on the dosimeter response, as long as the phantom is at least 5-cm thick (Hankins, 1980) .
Homogeneous and standard phantoms are used either for depth-dose measurements or to create the necessary radiation scattering conditions. In depthdose measurements using photons over a given energy interval, the linear attenuation coefficients for the tissue substitute should be within ±5% of those for the body tissue. At low photon energies «30 keY) closer simulation is necessary in some cases. For example, Newton and White (1978) have calculated the photoelectric linear attenuation coefficients in muscle to be 0.887 cm-1 for the 17.2 keY x rays from the decay of 239pu. In this case, a 5.4% error in the linear attenuation coefficient for a 2-cm thick phantom material representing a chest wall, leads to a 10% transmission error. If the thickness is increased to 4.5 cm, a 2.4% error in the linear attenuation coefficient will result in a 10% transmission error. In practice, this means the body tissue should be simulated so that errors in the linear attenuation coefficient are ~3%. Similar considerations apply to breast phantoms used to assess patient dose in mammography. At higher energies, where Compton scattering dominates, these requirements are more readily met, since most soft tissues have similar mass attenuation coefficients. Consequently, at these energies, most phantom materials with mass densities in the range 900-1100 kg m-3 will provide satisfactory simulation of muscle and other soft tissues.
With electron beams or internally deposited betaemitters, such as 14C and 90Sr_90y, the linear electron stopping powers for the tissue substitute should be within ±5% of those for the body tissue.
When a homogeneous phantom is used for neutron depth-dose measurements in radiation protection, the hydrogen content and mass density of the tissue substitute should be within ±1O% of those of the body tissue. At low-neutron energies (thermal to about 1 keY) nitrogen content, and at high energies (above 10 Me V) the carbon plus oxygen content, must also be within ±10%.
Anthropomorphic body phantoms simulate the geometry and composition of the human body. They are most frequently used for the calibration of whole body counters and in dose estimations in radiodiagnostic procedures. The degree of simulation depends on the type of measurements being undertaken and the body section under investigation. A most restrictive application is the measurement of uranium and the transuranic nuclides (235U, 238U, 238Pu, 239pU, 241Am, etc.) in lung tissue. The problem of chest wall thickness and composition was discussed earlier, but an additional complicating factor is the adipose tissue layer, which may be as thick as 3 cm over the thorax. Adipose tissue has a linear attenuation coefficient significantly different from muscle at low photon energies, being 0.426 cm-1 at 17.2 keV compared to 0.887 cm-1 for muscle. At low-photon energies «50 ke V), tissue substitutes representing adipose and muscle-like tissues, together with real or artificial bones should be used in the construction of anthropomorphic phantoms of appropriate dimensions. At higher energies, a single softtissue substitute may be adequate.
The same selection requirements suggested for homogeneous phantom materials should be applied to tissue substitutes used in body phantoms.
In radiation protection, detectors are used for (a) personnel dosimetry, (b) area monitoring, and (c) calibration of standard radiation fields. Depending on the application, considerations such as sensitivity, size, useful detection mechanisms, etc., may preclude the use of detector materials that have good simulation properties. This is particularly true, for example, for passive personnel dosimeters. In such cases, the calibration process should include the necessary factors to estimate and correct for simulation errors.
Tissue-substitute selection is most important for detectors used to calibrate standard fields. In such applications, the other detector requirements can be dealt with more easily, and tissue simulation becomes a significant consideration. The most common detectors used for field calibrations are ionization chambers, but others such as calorimeters may have limited use. The overall accuracy requirements for radiation protection dosimetry are not as stringent as those for radiotherapy and dose estimations with uncertainties in the range 5-10% are acceptable. However, for standard field calibrations both specialties have the same accuracy requirements (typically 1%).
Radiobiology
There are, at least in principle, three different types of application of tissue substitute materials in radiobiology:
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(a) tissue substitutes as scattering materials to produce controlled conditions of backscattering or charged particle equilibrium when irradiating biological specimens such as animals, plants, or cells, (b) tissue substitutes as detector materials employed for the construction of specialized dosimeters designed to simulate and measure energy deposition to a particular biological object such as a monolayer of cells or an organ of an animal, (c) tissue substitutes as detector materials for lowpressure proportional counters designed to simulate energy deposition to a cellular or subcellular volume and to measure the probability densities f(y) and d(y) in that volume. Although the application modalities (a) and (b) are not always clearly separated, these three cases characterize typical modes of application of tissue substitutes in radiation biology.
Scattering materials are often used around the specimen or specimens to be irradiated (e.g., a group of mice) to provide a more uniform dose distribution and a more uniform mixture of primary and scattered radiation irrespective of the size, number, and relative positions of the specimens. The absorbed dose as a function of the amount of scatter material saturates rapidly as the amount of scatter material is increased [ICRU Report 10e (ICRU, 1963b») . Therefore, uniformity and accuracy of irradiation is more easily achieved if the specimens are exposed under the condition of maximal scattering contribution [ICRU Report 30 (ICRU, 1979a») . On the other hand, scatter should be reduced as much as possible if an important objective of the experiment is exposure to a beam of the quality of the primary radiation.
Scattering materials are also used to provide complete charged particle build-up before the surface of the specimen. Such build-up materials should have a thickness equal to or larger than the maximum range of the charged particles set in motion by the primary radiation. For example, for 60CO gamma rays, a layer of 5 kg m-2 is required and for 14 Me V neutrons, one of 6 kg m-2 • Build-up materials are particularly important for thin biological specimens, such as cell layers or leaves. When such specimens are exposed without sufficient build-up materials in front, the absorbed dose within the specimen may well be very inhomogeneous and increase with increasing depth. Build-up materials are usually solid plastic layers, used, for example, on top of animals or in the form of plastic petri dishes supporting monolayers of cells which are irradiated from below. Treated polystyrene or treated acrylics are employed for this latter purpose (Marquardt and Markus, 1965) . In special cases, water is used as bolus material for obtaining sufficient build-up, for example, cells in suspension, plant roots, or plant seedlings irradiated in nutrient solution.
Scattering and build-up materials should, ideally, have absorption and scattering properties which simulate those of either water or muscle. In practice, easily available plastics such as acrylic, polystyrene, or polyethylene are frequently used, especially with x and gamma rays. However, depending on the objective of irradiation, the radiation modalities, energies and the irradiation conditions, materials may be needed which simulate water or muscle more closely. A large number of examples of exposure conditions for particular radiations and specimens are presented in Appendix A of ICRU Report 30 (ICRU, 1979a) .
Detector materials used for construction of dosimeters are dealt with in Sections 2.3.2 and 3.2. Dosimeters for use in radiation biology are generally designed with the aim of achieving small size (sufficient spatial resolution, e.g., for depth-dose measurements) and homogeneity (adequate match between tissue, detector walls, and detector gas). However, in many cases of exposure of biological specimens, these design aims cannot be easily realized either because the specimen is too small or because it is too inhomogeneous itself or because the absorption and scatter patterns are too complex. These problems can be overcome by designing specialized dosimeters that perfectly simulate the absorption and scatter patterns of the specimen and its supporting construction and measuring radiation energy deposition within a particular part of the whole assembly. In other words, the dosimeter is designed as an intrinsic part of a phantom.
A characteristic example for such a solution is the ionization chamber designed for the measurement of absorbed dose in the eye of a mouse for investigating the induction of lens opacities by fast neutrons (Merriam et al., 1965) . Another example is an ionization chamber designed to simulate and measure energy deposition to a monolayer of cells which are suspended on a 6-lLm Melinex foil and exposed to alpha particles (Barendsen, 1964) . In contrast to the first example, where a specific pattern of neutron scattering had to be simulated, the second experiment is an example of an exposure with minimum scattering but excellent simulation of both attenuation of the alpha particles and build-up of the secondary particles within the supporting foil as well as the specimen and ionization chamber.
Low-pressure proportional counters are cavity detectors and, therefore, must fulfill the same requirements as other cavity detectors (see Sections 2.3.2 and 3.2). In addition, low-pressure proportional counters are designed to simulate and measure the energy depo-sition of individual charged particle traversals of sensitive volumes of cellular or subcellular dimensions. Hence, it is required that low-pressure proportional counters are constructed using tissue substitutes for which both the interaction cross sections and the mass stopping powers of charged particles are identical to those of the tissue composition simulated (e.g., that of muscle tissue or a cell nucleus).
In general, it is not possible to provide materials which ideally meet these conditions and at the same time fulfill the requirements of practical microdosimetric measurement, such as electrical conductivity, ruggedness and ease of machining of the wall, and adequate properties of the gas as a counting gas. The wall material used in the majority oflow-pressure proportional counters is A150 (see Table 5 .1). Generally, either the methane-based or propane-based tissue substitute gases are used as the counting gas (see Table 5 .2). When maximum deviations of 5% are permitted for interaction coefficients and mass stopping powers, both gases and A150 can be considered as suitable muscle substitutes for photons of 100 ke V to 5 MeV, neutrons of 10 keV to 10 MeV, electrons of 10 keV to 2 MeV, protons of 100 keV to 100 MeV, and alpha particles of 500 keV to 100 MeV [ICRU Report 36 (ICRU, 1983) ].
Although tissue substitutes simulating body tissues other than muscle and suitable as detector materials have been developed [e.g., bone substitute; ICRU Report 26 (lCRU, 1977) ]. they have so far not been employed for investigating microdosimetric distributions in these tissues.
Molecular heterogeneity and structural inhomogeneity on a microscopic scale in body tissues with varying mass distribution of elements and mass density, eventually need consideration. Appropriate data are largely fragmentary and are being applied in only a few institutions for assessing effects on particle fluences in body tissue exhibiting such microscopic heterogeneities.
Nonradiation-Related Requirements
In addition to their radiation-related properties, phantom materials and radiation detector materials should be physically and chemically suitable for the various uses to which they may be put. Table 3 .1 deals with the other characteristics and requirements that must be considered when tissue substitutes are selected for use in the construction of phantoms. Reviews of some of the properties mentioned in Table 3 .1 have been presented by White (1974 ), Constantinou (1978 , and White and Constantinou (1982) . (IARC, 1972 (IARC, -1984 .
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Tissue substitutes may be required as rigid or flexible solids. Materials should be capable of being cast or molded into the required shapes (White et al., 1977; Constantinou, 1978; Griffith, 1980) . Small quantities «1%, by mass) of particulate fillers must be avoided; coarse fillers with mean diameters >100 I'm and those that form aggregates (clumping) should be avoided. Inhomogeneities should not be introduced by water absorption or loss. Rigid solids are required with sufficient mechanical strength to withstand routine handling and they should be capable of being readily machined (milled, turned, drilled, etc.) . [The hardness resulting from high loadings (>50%, by mass) of certain particulate fillers (e.g., CaC0 3 ) makes machining difficult.] Minimal warping/creep. Minimal distortion and shrinkage «0.1%, by volume) by use oflow-exotherm, coldcure resin systems and effective methods of heat removal. (See Appendix C.2.) Plastics containing volatile plasticizers should be avoided. In electron beam dosimetry, electrical conductivity may be necessary to avoid charge storage.
Components must not adhere. Separation of components by settlement with resulting variable packing densities should be avoided.
The components of a liquid tissue substitute must be completely miscible. Saturated solutions should not separate/crystallize during use. Solutions should have low volatility (vapor pressure <23.7 mmHg at 25°C) (Constantinou, 1978) . Minimal water loss is required in uncontained gel systems. Components should be nonreactive and noncorrosive. Suitable bacteriostat (e.g., sodium azide) should be used for long-term storage. At least 5 X 10-3 (!lm)-I. Must not result in a change in the signal of greater than 1% during the measurement period. Stable and unaffected during containment. Components must be well mixed and should not separate under storage or pressure.
Additional requirements for radiation detector materials
(This may limit maximum pressure of stored mixture.) Must not occur in electrodes and insulators.
Thermal defect must be known and constant. Low thermal diffusivity is a requirement for homogeneous calorimeters. For exposure times of 1 hour, the thermal diffusivity should be ';;1.0 X 10-3 em-I.
